Background/Aims: Spinal microglia and astrocytes are the main responders to the inflammatory cascade and process pain through various neural interactions. CXCL10 is a latephase protein that accelerates arteriogenesis during reperfusion through CXCR3. However, the early-phase expression (within 72 h postoperatively) of CXCL10 and CXCR3 during the development of ischemia-reperfusion (IR)-induced inflammatory pain remains unclear. We investigated whether this chemokine pair participates in glial interactions during early-phase IR injury. Methods: A rat model was induced by an 8-min occlusion of the aortic arch. Temporal assessments of mechanical and thermal allodynia and the protein levels of CXCL10 and CXCR3 were determined through measurements of paw withdrawal thresholds (PWTs) and paw withdrawal latencies (PWLs) and Western blotting assays. The co-localization of various cells with glial cells was detected by double immunofluorescence. The effects of CXCL10/CXCR3 on glial interactions were explored by intrathecal treatment with specific inhibitors (AMD487, minocycline and fluorocitrate) and recombinant CXCL10, and subsequent release of cytokines was assessed by ELISAs. Results: The IR injury initiated bimodal allodynia within 72 h of reperfusion, as illustrated by two W-shape trends in the PWTs and PWLs with two minima at 12 and 48 h post-IR. Allodynia was highly correlated with overexpression of CXCL10 and CXCR3, which were expressed in microglia at the early stage and in both microglia and astrocytes at the late stage, as shown by increased CXCL10 and CXCR3 immunoreactivities and doublelabeled cells. AMD487 and minocycline injections exerted comparable inhibitory effects on CXCR3 and Iba-1 and on GFAP immunoreactivity at 12 and 48 h post-IR, and these inhibitory effects were only observed at 48 h following fluorocitrate injection. The levels of TNF-α and IL-6 showed variations in concert with the changes in Iba-1 and GFAP immunoreactivities.
Introduction
Spinal cord ischemia-reperfusion (IR) injury is considered the greatest clinical challenge that can occur during thoracoabdominal aortic aneurysm surgery. It usually inflicts severe and persistent IR-induced pain, which is characterized by symptoms of mechanical and cold allodynia but not involve direct nerve injury [1, 2] . The pathophysiological mechanisms are multifactorial and have not been completely elucidated. Pain is processed by neural networks, and increasing lines of evidence suggest that IR-induced secondary inflammatory pain occurs concomitantly with glial activation both at remote sites and in an injured spinal cord through various forms of communication between neurons-glia or glia-glial cells [3, 4] . Microglia and astrocytes, which are the main glial cells in the spinal cord, constitute the blood-spinal cord barrier (BSCB) and act as the first responders to pathological stimuli [3, 5] . After activation, microglia transform to exhibit a macrophage-like morphology and drive rapid inflammatory amplification by triggering the transduction of nuclear factor (NF)-κB and the subsequent release of proinflammatory cytokines [1, 6] . In rat models, astrocytes coordinate with microglia to exacerbate inflammation throughout the spinal cord and simultaneously release cytokines that ultimately decrease the pain threshold [3] [4] [5] 7] . Our results demonstrate that glial cells are activated in a closely interdependent manner and form a functional unit for the development and maintenance of inflammatory pain after spinal cord IR injury. Thus, treatments that regulate these links might represent novel therapeutic targets.
The sequential activation of and crosstalk between microglia and astrocytes is now known to be performed by soluble mediators, such as adenosine, growth factors, inflammatory chemokines and cytokines [3, 8, 9] . Among these mediators, chemokines are 8-14-kDa secreted proteins with conserved cysteine residues in their sequences. The chemokine C-X-C motif ligand (CXCL)10, which is also known as interferon (IFN)-γ-inducible protein 10 (IP-10), is a pleiotropic chemokine that belongs to the C-X-C subfamily [10] . As the name implies, this chemokine is secreted by several cell types (e.g., leukocytes, macrophages and endothelial cells) in response to IFN-γ and recruits these cells to sites of infection or inflammation after binding to C-X-C motif receptor (CXCR)3 [10, 11] . The chemokinereceptor pair CXCL10/CXCR3 is widely expressed throughout the central nervous system (CNS) and produces different responses in CNS pathology depending on its expression in different cell types [11] [12] [13] . In addition to its "classical" role in the chemotaxis of responsive cells, accumulating lines of evidence highlight newfound effects on modulating glial interactions during the induction of pain perception [12, 13] . CXCL10 is expressed at low levels in the spinal cord under normal conditions, but upon stimulation, the expression of this chemokine is substantially increased at sites where glial cells accumulate [11] . In vivo immunofluorescence staining has also shown that CXCR3 co-localizes with spinal microglia and astrocytes in a rat model of bone cancer-induced pain [11, 14] . The neutralization of CXCR3 significantly reduces the expression of markers of activated microglia and astrocytes as well as the levels of proinflammatory cytokines and chemokines, such as CCL2 and CXCL10 [11, 12, 14] . Thus, microglia and astrocytes participate in the development of inflammatory pain and act as the targets of the chemokine-receptor pair CXCL10/CXCR3. Notably, CXCL10 has been previously described as a late-phase protein involved in accelerating arteriogenesis during the perfusion phase, and CXCL10 expression is significantly increased on day 4 after hindlimb ischemia [15] . However, little is known about the early-stage expression of CXCL10 after spinal cord IR injury (within 3 days post-surgery) and whether the chemokine-receptor pair CXCL10/CXCR3 participates in spinal glial interactions in IR-induced inflammatory pain. Thus, in this study, we first characterize the early changes in CXCL10 and CXCR3 expression in major spinal glial cells in a rat model of IR-induced pain. We then explore the roles of the chemokine-receptor pair CXCL10/CXCR3 in IR-induced inflammatory pain by administering intrathecal injections of a specific CXCR3 antagonist, glial inhibitors and recombinant rat CXCL10 protein (rCXCL10). Here, we provide the first evidence demonstrating the involvement of CXCL10/CXCR3 in the development of bimodal inflammatory pain during the early reperfusion phase. These factors act by regulating the interactions between microglia and astrocyte, and thus, treatments targeting specific cell types are of great importance.
Materials and Methods
Animals SD rats weighting 180-220 g were obtained from the Animal Center of China Medical University (Shenyang, China). All the rats were neurologically normal and were placed in separate cages at least 7 days before surgery. The animals had free access to food and water and were maintained at 22-24°C with a 12-h light/dark cycle. All experimental protocols were approved by the Ethics Committee of China Medical University. All invasive procedures were performed under anesthesia to minimize suffering in accordance with the Guide for the Care and Use of Laboratory Animals (U.S. National Institutes of Health Publication No. 85-23, National Academy Press, Washington DC, revised 1996).
Rat model of IR-induced pain
IR-induced pain was established in the rats through an 8-min occlusion of the aortic arch [1] . Briefly, all the rats were anesthetized with 2% sevoflurane and placed in a lateral position to expose the aortic arch through a cervicothoracic approach. The non-invasive artery clip was first clamped between the left common carotid artery and the left subclavian artery for 8 min and then removed to imitate IR. Ischemia was confirmed through a 90% decrease in blood flow at the tail artery, and reperfusion was detected through the restoration of flow on a Doppler monitor (Moor Instruments, Axminster, Devon, UK). Sham-operated rats underwent the same procedure without clamping. All the rats were observed for 72 h after reperfusion.
Experimental protocol Part I. IR-induced pain was analyzed as mentioned above. Forty-two rats were randomly assigned to the sham group or the IR group to investigate sensory changes and the time course of CXCL10 and CXCR3 expression at 12-h intervals during the 72-h period after reperfusion.
Part II. Four other groups were established to explore the roles of the chemokine-receptor pair CXCL10/ CXCR3 in IR-induced pain. One hundred forty-four rats were intrathecally injected with 10-μl volumes of normal saline, AMG487 (CXCR3 inhibitor, 20 μg, Sigma-Aldrich, MO, USA), minocycline (microglial inhibitor, 10 nmol/μl, Nichiiko, Toyama, Japan), fluorocitrate (astrocytic inhibitor, 1 nmol/μl, Sigma-Aldrich, MO, USA), of rCXCL10 (1.0 μg/μl, Novus Biologicals, CO, USA). The correct placement of the intrathecal injection into the L5-6 segments of the intervertebral space was confirmed by tail flicking. The rats were euthanized at 12 and 48 h with an overdose of sevoflurane. The L4-6 segments of the spinal cords were rapidly collected for further analyses.
Sensory behavioral assessments
Mechanical allodynia was measured by recording the PWTs using von Frey filaments (37450, Ugo Basile, Dublin, Ireland), as previously described [1] . The tests were performed by another observer who was blinded to the experimental protocols. One of the hind-limb paws was stimulated with a series of filaments with logarithmically ascending forces of 2, 4, 6, 8, 10, and 15 g. The PWT was recorded as the average value of the five minimum levels of forces that prompted the rat to withdraw its paw. Each stimulus was maintained for 3 s and applied at 15-s intervals.
Thermal allodynia was measured 15 min after the PWT measurements by recording the PWL using a hot plate (35150, Ugo Basile, Dublin, Ireland) [1] . The PWL was determined as the average from triplicate measurements of the time that the rat stayed on a hot plate at 50°C before it initially clearly withdrew its paws. The interval was 10 min, and each exposure time was limited to 25 s to avoid permanent tissue damage. Allodynia was defined by statistically significant decreases in the PWLs and PWTs compared with the baseline values.
Western blots
Spinal cord tissues were collected from each rat and purified using a protein extraction kit according to the manufacturer's instructions (KC-415, KangChen, Shanghai, China). Protein concentrations were quantified using the Bradford method. Proteins were separated by electrophoresis on 8% polyacrylamide gels and then transferred to polyvinylidene fluoride membranes. The membranes were incubated overnight at 4°C with primary antibodies against Iba-1 (1:200, Wako, Osaka, Japan), GFAP (1:200, Abcam, Cambridge, MA, USA), CXCL10 (1:100, Abcam, Cambridge, MA, USA) and CXCR3 (1:100, Abcam, Cambridge, MA, USA) and then with horseradish peroxidase-labeled secondary antibodies (1:1, 000, Beyotime Biotechnology, Shanghai, China) at room temperature for 60 min. The bands were visualized using an ECL Plus Kit (Beyotime Biotechnology, Shanghai, China), and the integrated densities were quantified using Quantity One software (Bio-Rad Laboratories, Milan, Italy).
Double immunofluorescence staining
The cellular distributions of CXCL10 and CXCR3 were determined using the microglia marker Iba-1 and the astrocyte marker GFAP, as previously described [1] . L4-6 spinal cords were post-fixed with 4% paraformaldehyde for 12 h and dehydrated with 20% sucrose for 24 h at 4°C. The tissues were then frozen and sliced into 20-μm sections using a cryostat (Leica, Leica Biosystems, USA). The sections were then blocked in 10% bovine serum albumin and incubated with a primary rabbit polyclonal anti-CXCL10 antibody (1:100, PeproTech, NJ, USA), rabbit monoclonal anti-CXCR3 antibody (1:100, Abnova, Taiwan, China), mouse monoclonal anti-GFAP antibody (1:500, Abcam, USA), and mouse monoclonal anti-Iba-1 antibody (1:400, Abcam, USA) overnight at 4°C. The sections were subsequently washed and incubated with Alexa Fluor 488-conjugated donkey anti-rabbit IgG (1:500, Cell Signaling Technology, MA, USA) and Alexa Fluor 594-conjugated donkey anti-mouse IgG (1:500, Cell Signaling Technology, USA) for 2 h at room temperature. Images of the immunofluorescence staining were obtained using a Leica confocal microscope (Leica Microsystems, Buffalo Grove, IL, USA) and analyzed using Image-Pro Plus software (Media Cybernetics, TX, USA).
ELISAs for determining the TNF-α and IL-6 contents
After the spinal cord samples were homogenized and centrifuged, the spinal supernatants were collected to determine the TNF-α and IL-6 contents using ELISA kits (R&D Systems, Minneapolis, MN, USA) according to the manufacturer's instructions. The concentration in each sample was calculated based on the standard curve and is expressed as pg/mg protein.
Statistical analysis
All the data are presented as the means±standard errors of the means (SEMs) and were analyzed using SPSS software (version 17.0, SPSS Inc., Chicago, IL, USA). The results from the immunofluorescence staining, Western blotting and ELISAs were analyzed by one-way analysis of variance (ANOVA) followed by Tukey's post hoc test. The results of the behavioral assessments were compared by two-way repeated ANOVA followed by the Bonferroni post hoc test. A P value <0.05 was considered significant.
Results

Bimodal mechanical and thermal allodynia developed in the IR-induced pain model
All the rats included in the experiments exhibited normal neurological function before IR. Compared with the baseline measurements, the ipsilateral paw withdrawal thresholds (PWTs) and paw withdrawal latencies (PWLs) were noticeably lower throughout the entire observation period, indicating that IR promoted the development and maintenance of mechanical and thermal allodynia (Fig. 1, P<0 
Time course of the expression of the CXCL10 and CXCR3 proteins in the IR-induced pain model
Chemokines are emerging as important regulators of glial activation during IR-induced pain [3, 12] . As shown in Fig. 1C and D, the CXCL10 and CXCR3 proteins were expressed at low levels postoperatively in sham-operated rats, whereas in the rats the underwent IR, the levels of these proteins increased over time, starting at 12 h and remaining at a substantially high level at later time points (P<0.05).
Glial localization of the CXCL10 and CXCR3 proteins in the IR-induced pain model
Because bimodal allodynia developed in the IR injury model and potentially involved glial cells, we next investigated whether the chemokine-receptor pair CXCL10/CXCR3 was expressed in spinal glial cells by performing double immunofluorescence at both 12 and 48 h post-IR. Representative micrographs showed increased immunoreactivities of ionized calcium-binding adaptor molecule-1 (Iba-1) and glial fibrillary acidic protein (GFAP) in the rats that underwent IR but not in the sham-operated rats at these two time points ( Fig. 2A) , indicating that activated microglia and astrocytes participated in the development of IRinduced pain. Furthermore, most of the fluorescently labeled CXCL10 was co-localized with the Iba-1-and GFAP-positive cells (indicated by arrows) in the same samples. In addition, quantification of the immunoreactivities and the number of double-labeled cells confirmed that CXCL10 expression was indeed increased in activated microglia and astrocytes ( Fig. 2B and C, P<0.05). Slight differences in the distribution of CXCL10 were detected, and strong CXCR3 immunoreactivity was observed only in Iba-1-positive cells and not in GFAP-positive calls at 12 h post-IR, whereas at 48 h post-IR, CXCR3 immunoreactivity was increased in both Iba-1-and GFAP-labeled cells (Fig. 3A) . According to the results of the quantitative analysis, the increased level of CXCL10 might increase the binding of microglia to CXCR3 during the early stage of bimodal allodynia, whereas the later stage involved both microglia and astrocytes ( Fig. 3B and C, P<0.05) . 
Roles of the CXCL10/CXCR3 pair in glial activation and crosstalk in the IR-induced pain
model Based on the results described above, glial activation depended on the overexpression of CXCR3. Further interactions between these cells and specific cellular targets were explored by administering intrathecal injections of AMG487 (a CXCR3 inhibitor), minocycline (a microglia inhibitor), fluorocitrate (an astrocyte inhibitor) and rCXCL10. Representative blots and quantitative analyses showed significantly higher levels of the CXCR3 protein in all IRoperated rats than in sham-operated rats at both 12 and 48 h post-IR (Fig. 4A and B, P<0.05 ). In addition, these increases were specifically antagonized by the intrathecal injection of AMG487 and synergistically aggravated by rCXCL10 (P<0.05).
Because CXCR3 expression was closely related to glial activation, we further evaluated the statuses of microglia and astrocytes via immunofluorescence staining because this method intuitively displays the extent of activation through different fluorescence intensities [1] . Microglia, which are immunoreactive for Iba-1, were highly activated and showed increased fluorescence intensities at 12 h and 48 h post-IR. These values were equivalently decreased by the injection of AMD487 and minocycline ( Fig. 4C and D, P<0.05) . Similarly, astrocytes were gradually activated over time, resulting in a slight increase in the fluorescence intensity of GFAP at 12 h but a notable increase at 48 h (P<0.05). In addition, the intrathecal injection of AMD487 and fluorocitrate reversed the above changes (P<0.05), whereas the injection of Additionally, the immunoreactivities of CXCR3, Iba-1 and GFAP were detected simultaneously by injecting minocycline or fluorocitrate to explore potential glial cell interactions. As shown in Fig. 4A , minocycline reduced the expression of CXCR3 to the same extent as the injection of AMD487 at 12 and 48 h post-IR (P>0.05). In addition, the intrathecal injection of minocycline similarly prevented increases in the immunoreactivity of both Iba-1 and GFAP at 12 and 48 h post-IR (Fig. 4C, P>0.05) . Similar to the AMD487 treatment, fluorocitrate decreased CXCR3 expression and GFAP and Iba-1 immunoreactivity 
Roles of the CXCL10/CXCR3 pair in the development of inflammatory allodynia in the IRinduced pain model
We measured the TNF-α and IL-6 contents through ELISAs to test whether the chemokine-receptor pair CXCL10/CXCR3 affects the release of proinflammatory cytokines from astrocytes and microglia. According to the results of the quantitative analysis, IR induced substantial increases in the TNF-α and IL-6 levels at 12 and 48 h post-IR compared with the sham procedure (Fig. 5A, P>0.05 ). In addition, the minocycline injection produced similar decreases in the production of TNF-α and IL-6 at 12 and 48 h post-IR as the AMD487 injection, whereas fluorocitrate exerted similar effects at 48 h post-IR (P<0.05). In contrast, the injection of rCXCL10 increased the release of TNF-α and IL-6 at these two time points (P<0.05). No significant differences between the IR and fluorocitrate groups were observed at 12 h post-IR (P>0.05).
As expected, the sensory behavioral assessments showed that the intrathecal injections of AMG487 and minocycline significantly increased the PWTs and PWLs compared with the IR group throughout the entire observation period, whereas the injection of fluorocitrate only increased the PWTs and PWLs at 48 h post-IR and later time points (Fig. 4A, P<0.05) . In contrast, the intrathecal injection of rCXCL10 synergistically decreased the PWTs and PWLs at all observed time points (Fig. 4A, P<0.05) . No significant differences were observed within 48 h post-IR between the rats that underwent IR and those that received fluorocitrate (P>0.05).
Discussion
The chemokine-receptor pair CXCL10/CXCR3 is distributed in microglia and astrocytes, suggesting that these proteins play important physiological and/or pathological roles in regulating chemotaxis and behavioral hypersensitivity [11] [12] 14] . In the present study, we obtained the first evidence showing that the spinal expression of CXCL10/CXCR3 increases in a time-dependent manner during the early stage of reperfusion (within 3 days) and initiates bimodal inflammatory allodynia by regulating the sequential activation of and crosstalk between microglia and astrocytes and the release of the proinflammatory cytokines TNF-α and IL-6 in a rat model of IR-induced pain.
Consistent with a previous study of IR injury, two phases of the inflammatory response were observed in a rat model during the early stage of reperfusion [6] . In the present study, we also observed bimodal allodynia during the early phase of reperfusion because W-shaped trends in the PWTs and PWLs were detected within the first 72 h following reperfusion (Fig. 1) . CXCL10 is a well-known proinflammatory chemokine that is expressed at a very low level under normal conditions [11, 16] . Upon stimulation, however, the levels of CXCL10 increase rapidly, and this protein is necessary for the onset of the inflammatory cascade [16] . Thus, we further characterized the expression of the CXCL10 protein in the spinal cord by Western blotting. CXCL10 was expressed at different levels in rats with and without IR, indicating that CXCL10 might participate in the pathogenesis of IR-induced pain (Fig. 1) . A recent study showed that CXCL10 is widely expressed at the sites of glial proliferation during the reperfusion phase, which suggests that it induces glial activation during pain processing [13] . We thus further explored the glial localization of CXCL10 in the spinal cord through double immunofluorescence staining. The enlarged area and strength of the immunostaining determined through the image analysis corresponded well with the sites showing activated microglia and astrocytes after injury [17, 18] . As previously described, spinal glial activation can be determined by measuring Iba-1 (microglia) and GFAP (astrocytes) immunoreactivity [14] . CXCL10 was upregulated in both microglia and astrocytes because the increased fluorescent labeling of CXCL10 coincided with increased Iba-1 and GFAP staining in the injured spinal cords (Fig. 2) . In addition, consistent with the Western blotting results, notably stronger CXCL10 immunoreactivity and greater numbers of double-labeled cells were detected at 48 h post-IR than at 12 h, confirming that CXCL10 participates in the development of bimodal allodynia by regulating the activated populations of microglia and astrocytes.
The chemokine receptor CXCR3, for which CXCL10 is a major ligand, is expressed on different cells in which its activation leads to different cellular activities [19, 20] . Activated immune cells express high levels of CXCR3 [11, 21] . In addition to regulating chemotaxis and inflammatory responses, CXCR3 has been shown to mediate neuron-glia and/or gliaglia interactions in response to acute brain injury and ischemia [22] [23] [24] . Similarly, our study showed that the expression of the CXCR3 protein gradually increased in parallel with increases in CXCL10 expression (Fig. 1) but was differentially and sequentially upregulated in microglia and astrocytes at 12 and 48 h post-IR (Fig. 3 ). Some studies have reported different temporal profiles for the activation of microglia and astrocytes in the progression of CNS injury [22, 23] . Two hours after reperfusion, the number and activation of microglia are increased in the spinal cord, and these effects are more pronounced at 24 and 48 h [25] . In astrocytes, no increased immunoreactivity of GFAP was visible until 12 h after reperfusion, and this increase became more intense at 24 h and later time points [25] . Moreover, in response to a lesion in the entorhinal cortex, microglia are activated in wildtype mice and migrate to the lesion zone within the first 3 days [22] . After a delay, astrocytes are activated by hypertrophy, and increased GFAP expression is observed 8 days after the injury [22] . Similarly, the double-immunofluorescence staining performed in the present study also showed an early increase in CXCR3 expression in activated microglia, and this increase began at 12 h post-IR and was intensified at 48 h. In contrast, the increase in CXCR3 expression on astrocytes was significantly delayed and was only detected at 48 h post-IR. In combination with the evidence that CXCR3 expression affects the transformation of the functional properties of microglia after CNS injury [11, 22] , this sequential activation of spinal microglia and astrocytes during IR-induced pain suggests that CXCR3 might provide the excitatory glial signal that spreads from the early activation of microglia to prompt the late activation of astrocytes. We performed parallel experiments by administering intrathecal injections of CXCR3-, microglia-and astrocyte-specific inhibitors and evaluated the changes in CXCR3 expression and the immunoreactivity of Iba-1 and GFAP simultaneously within the same region to confirm this hypothesis. Because the microglia inhibitor minocycline and the CXCR3 inhibitor AMD487 exhibited similar effects in that they prevented increases in CXCR3 expression and Iba-1 immunoreactivity at both 12 and 48 h post-IR, we postulated that activated microglia might be one of the initial sources of CXCR3. Moreover, the injection of AMD487 and the astrocyte inhibitor fluorocitrate decreased CXCR3 expression and GFAP immunoreactivity to similar extents at 48 h post-IR, confirming that the delayed activation of astrocytes was also mediated by the CXCR3 receptor. This result is consistent with previous findings showing that CXCR3 neutralization significantly reduces the levels of markers of activated microglia and astrocytes in models of cancer pain and demyelination diseases [11, 14] . Consistent with these findings, amplifying the function of CXCR3 with recombinant CXCL10 evoked greater activation of microglia and astrocytes at these two time points (Fig.  4) .
Additionally, astrocytes influence microglial activation and express CXCR3 in response to CNS inflammation [26] . As expected, with the low expression of CXCR3 at 48 h post-IR, the inhibitory modulation of microglia by fluorocitrate in the injured spinal cord was simultaneously accompanied by astrocyte deactivation by minocycline in the same regions, which confirmed both the above results and the existence of CXCR3-mediated crosstalk between microglia and astrocytes in IR-induced pain (Fig. 4) . Interestingly, in this study, although the intrathecal injections of minocycline and fluorocitrate exerted similar inhibitory effects on GFAP immunoreactivity at 12 h post-IR, the injection of minocycline decreased the levels of the CXCR3 protein, whereas the injection of fluorocitrate did not, suggesting that the early overexpression of CXCR3 in activated microglia was a major trigger of sequential astrocytic activation. Collectively, the results of this study provide evidence remonstrating that the interaction and crosstalk between microglia and astrocytes might be mediated by the chemokine-receptor pair CXCL10/CXCR3.
Because glial cells are the main effectors and regulators of the spinal cord, activated populations of glial cells could produce a wide variety of proinflammatory cytokines that strongly affect the pathogenesis of sensory hypersensitivity [6, 8, 17, 22] . Among these cytokines, TNF-α and IL-6 are known to function as potent proinflammatory cytokines during the reperfusion period [6, 27, 28] . Consistent with our observation of bimodal allodynia induced during IR injury, two periods of robust TNF-α production were previously observed in an in vivo study [6] . An immediate peak in TNF-α production was detected at 12 h, and a delayed peak was observed at 48 h after IR [6] . These data provide a plausible explanation for the phenomenon that the PWTs and PWLs decreased again after 12 h. Moreover, as indicated by our ELISA results, the biphasic increases in TNF-α and IL-6 levels were prevented by the intrathecal injection of AMD487 and minocycline, which eliminated the peak at 12 h post-IR, and by AMD487, minocycline and fluorocitrate, which eliminated the peak at 48 h (Fig. 5) . These results were completely consistent with the contributions of differentially overexpressed CXCR3 to microglia and astrocyte activation during bimodal pain processing.
Notably, in addition to being expressed in microglia and astrocytes, CXCR3 was also found to be expressed in neurons of the periaqueductal gray matter in a recent study of the analgesic effects of morphine, and these findings suggest a potential role for CXCL10/CXCR3 in the mechanism of morphine tolerance that involves the regulation of neuron-microglia interactions [19] . Furthermore, another study used a transgenic approach to examine the effects of chronic cerebral CXCL10 expression on the infiltration of leukocytes into the CNS and found that astrocytes represent a significant cellular source of CXCL10 [29] . The astrocyte-directed production of CXCR3, however, had no effect on microglial activation. In contrast to our findings, only CXCL10-positive neurons, but not CXCL10-positive microglia or astrocytes, were observed to be involved in hippocampal formation in both CXCR3 knockout and wild-type mice with lesions in the entorhinal cortex [22] . However, the phased appearance of chemokines in acute and chronic inflammation is clearly important [30] . These discrepancies in the results might be due to differences in the observed time points and models used in the various experimental protocols. These discrepancies were consistent with the results of experiments that have revealed contradictory roles for CXCL10 in cardiovascular diseases, such as beneficial effects on arteriogenesis but detrimental effects on atherosclerotic plaque and aneurysm formation [31] . Taken together, the results of our study provide evidence showing that bimodal inflammatory allodynia was initiated in the spinal cord after IR injury. During the early stage, the IR-induced increases in CXCL10 expression stimulated microglia activation and the release of proinflammatory cytokines (e.g., TNF-α and IL-6) through the overexpression of CXCR3, which in turn increased the expression of CXCL10 and CXCR3 on both microglia and astrocytes, ultimately amplifying the inflammatory cascade and pain processing during the late stage (Fig. 6) . Thus, activated microglia might be a trigger in the early phase that 
Conclusion
This study is the first to identify the involvement of the chemokine-receptor pair CXCL10/ CXCR3 in the development of bimodal inflammatory pain during the early reperfusion phase in a rat IR-induced pain model. The sequential activation of microglia and astrocytes and their crosstalk were mediated by CXCR3 overexpression, suggesting that treatments involving agents that act on specific cellular targets will be highly important in ameliorating IR-induced pain.
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